This paper discusses high speed and non-contact transportation of a steel disk using magnetic levitation and feedforward tilt control. In magnetic levitation systems for handling a thin plate, horizontal slip due to weak horizontal restoring force limits the transportation performance. Tilt control can improve the performance as it can prevent the horizontal slip by compensating inertial force. Previous studies demonstrated the effectiveness of the technique, but their experiments were performed only in a low speed region. This paper applies the tilt control to high-speed transportation in a short distance. In high-speed and short-distance transportation of a disk, angular velocity and acceleration dominate the transportation performance. The paper discusses these factors and proposes a path planning algorithm. Using the algorithm, the paper demonstrates disk transportation for 197 mm within 0.44 seconds. The maximum horizontal acceleration reached 7.9 m/s 2 with the maximum tilt angle of 39
Introduction
Several industrial manufacturing processes require handling of disks or plates with special surface finishing, such like coated steel plates, aluminium disks for hard disk drives, and silicon wafers. Since mechanical contacts between the conveyer and those objects can deteriorate the surface quality due to scratches, contamination, or electrification, contact-based handling should possibly be avoided. One promising solution to this problem is to utilize non-contact levitation techniques, in which levitation force suspends an object in the air without any mechanical contacts. Many levitation techniques have been studied using different principles, which include aerodynamic effect (1) , (2) , acoustic field pressure (3) , (4) , and electrostatic force (5) , (6) . Among them is magnetic levitation technique, which utilizes electromagnetic force for levitation (7) - (9) . Magnetic levitaiton technique is applicable to handling of ferromagnetic objects, and is quite useful for non-contact transportation of steel plates (7) , (8) .
Horizontal slip is one of the technical problems regarding non-contact handling of a thin and flat plate, regardless of levitation principles. In case of magnetic levitation of a steel disk, for example, stable levitation is achieved through a minimum of three degrees-of-freedom (DOF) motion control. In 3-DOF control, vertical motion and two rotational motions (i.e., roll and pitch) of a disk are actively regulated by feedback controllers, while lateral motions are stabilized only by weak passive restoring force. The weakness of the lateral restoring force limits horizontal acceleration; if the inertial force caused by the horizontal acceleration exceeds the weak lateral force, the levitated object will slip from beneath the levitator and will eventually drop. The limited horizontal acceleration increases the cycle time of object transportation, which can be a critical problem in industrial manufacturing processes.
In literatures, many studies have tried to overcome this weak lateral force problem. For
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a steel sheet levitation system, Fujisaki et al. analyzed arrangements of electromagnets in terms of lateral force (8) . However, the analyzed systems utilize electromagnets both on top and bottom of the steel plate. Such a configuration is not suitable for pick-and-place handling tasks since electromagnets need to be arranged beneath the levitated object. Some other studies found in literatures are based on tilt control (7) , (10) - (12) . The fundamental strategy of tilt control is to compensate the lateral inertial force using vertical levitation force by tilting the levitator and the levitated object with an appropriate angle (or levitated object alone (7) ). Most of the reported tilt control is based on feedback approach. They tilt the levitator and/or the levitated object depending on the lateral slip of the object, which normally requires additional sensors to measure the lateral slip. On the other hand, van West et al.
proposed feedfoward tilt control for non-contact levitation systems (12) . If the system knows the transportation trajectory, which is the case applying to most of the industrial processes, an appropriate tilt angle can be calculated in advance from the known acceleration profile. The calculated tilt angle can be fed to a tilt angle controller in a feedforward manner to compensate the lateral inertial force. This approach does not require lateral position sensors and is highly compatible with automatic transportation tasks. It can apply not only for automatic tasks, where the transportation trajectories are preprogrammed, but can also apply for humanoperated handling system. The human-operated non-contact handling system described in Ref. (13) demonstrated that the feedforward tilt control can be used in a haptically-assisted non-contact handling system, if the haptic assistance is provided based on admittance haptic control. Unlike the feedback tilt control, where feedback delay always exists, the feedfoward tilt control can realize better synchronization between the horizontal acceleration and the tilt angle. This implies the effectiveness and superiority of this technique especially in high-speed transportation which involves rapid change of acceleration and tilt angle. Our previous study reported high-speed non-contact object handling using feedforward tilt control (14) . But the study used a 1-DOF magnetic levitator that levitates a spherical ball, which is much easier to implement tilt control as a spherical ball does not need to rotate; the study tilted only the levitator to compensate the inertial force. For handling a disk, however, the system needs to tilt both the levitator and the levitated disk at the same time, which makes the trajectory planning much more complicated than the case with a spherical ball. The previous studies for non-cotact disk handling, however, did not deal with high speed transportation; only low speed transportation has been demonstrated due to the performance limitation of the experimental setups. This paper demonstrates high-speed non-contact handling of a steel disk based on feedforward tilt control, using a 3-DOF magnetic levitator and a parallel-link-based industrial robot. The paper focuses on object handling in a relatively short distance. The paper shows that a rapid change of tilt angle is a key factor to improve the cycle time of short-distance transportation; in other words, the maximum angular velocity and angular acceleration dominate the tilt control performance. With that in mind, the paper proposes a trajectory planning algorithm for high-speed and short-distance object transportation.
The remainder of the paper is structured as follows. In the next two sections, a 3-DOF magnetic levitation system and the basic concept of the feedforward tilt control are briefly explained to provide fundamental knowledge for this work. Section 4 discusses the motion planning algorithm. The section first discusses the limiting factor in high-speed transportation. Based on the discussion, a new motion planning algorithm for horizontal transportation is proposed. Section 5 describes the experimental setup that consists of a parallel-link-based industrial robot and a 3-DOF magnetic levitator. The proposed algorithm is implemented on the system for experimental verification, which is described in §6. Section 7 discusses how vertical acceleration affects the tilt control performance. Section 8 provides conclusions of this work. Vol. 7, No. 4, 2013 Journal of System Design and Dynamics 
Magnetic levitation system
In a magnetic levitation system, magnetic attracting force between electromagnets and a ferromagnetic object balances with the gravity force, to suspend the object in the air without any mechanical contact. Permanent magnets are often employed in conjunction with electromagnets to provide bias attracting force and to reduce or eliminate steady-state current to the electromagnets. Due to the nature of the magnetic force, the force equilibrium is unstable, which demands feedback control of electromagnet currents depending on the gaps measured by sensors. Stable levitation of a thin disk is achieved by controlling minimum 3-DOF motions of the object: roll, pitch, and vertical translation. An appropriate layout of three electromagnets can provide passive restoring force in horizontal directions, which can levitate a thin disk in stable, even without active control of lateral motions. For research purposes, the yawing motion of the disk can be neglected due to the rotational symmetricity of a disk.
This work assumes the 3-DOF levitator shown in Fig. 1 , in which three sets of an electromagnet and a gap sensor are arranged on a circle with an interval of 120
• . In the levitation controller, the three gaps measured by the gap sensors are converted into three controlled motion variables, which are vertical translation z c , roll θ x , and pitch θ y . Three independent PID controllers generate output signals to stabilize the three controlled motions at the reference values, which are then converted to the operation currents that should be fed to the three electromagnets (12) .
Feedforward tilt control
This section briefly reviews the feedforward tilt control proposed in Ref. (12) . In the 3-DOF levitation system, horizontal motion of a thin levitated object is stabilized only by passive restoring force. However, the lateral stiffness provided by the passive restoring force is only thousandth of the vertical stiffness provided by the active levitation control (12) . Under the weak lateral stiffness, horizontal accelerations cause lateral slip of the disk and resulting levitation failure. For example, the magnetic levitator described in Ref. (12) can allow only 0.06 m/s 2 horizontal acceleration with a maximum allowable lateral slip of 1 mm.
Tilt control, shown in Fig. 2 , is a solution for this problem. Tilt control can compensate for the lateral inertial force by levitation force through tilting of both the levitator and the object. In the feedforward tilt control, tilting must be performed around the center of gravity (COG) of the levitated object; which otherwise produces disturbance to the levitation. When the levitator and the object are accelerating along a = {0, a lat , a r } within the spatial coordinate frame {p, q, r} fixed to the ground, the proper tilting angle around p axis, α p , is calculated as
.
The relationship between the levitation force and the acceleration is expressed as: Since there is a limitation for the levitation force due to current limitation, the maximum acceleration that can be achieved with the tilt control can be estimated from the maximum levitation force. For horizontal accelerations (i.e., a r = 0), if we assume maximum levitation force of 2.7 N and the levitating mass of 61 g, which are the experimental values for this paper, the maximum acceleration is estimated from the above equations as 43 m/s 2 with the maximum tilt angle of 77 degrees. In the previous studies using a similar setup, on the other hand, the demonstrated acceleration was only upto 1.7 m/s 2 , with the maximum tilt angle of 10 degrees (13) .
The above estimation on the maximum acceleration is based on the static force balance only. In the real system, dynamics of the tilt mechanism should affect the performance, and thus the above estimated acceleration would not be possible to realize. However, the large discrepancy between the simple estimation and the previous demonstrations is suggesting the need for further investigation on the tilt control, especially in high acceleration region.
Motion planning for horizontal transportation
In higher speed transportation within a short distance, which requires higher acceleration, additional factors arise, which have not been discussed previously. This section considers a horizontal transportation task along a straight path as the simplest case and discusses the factors affecting the transportation.
Limiting factors in high-speed transportation
Point-to-point transportation is typically realized with S-curve acceleration and deceleration profiles, in which horizontal acceleration rapidly increases from zero to the maximum with a constant jerk, keeps it, and decreases to zero with a constant jerk to reach the maximum velocity. The similar applies to the latter half of the S-curve, the decelerating part from the maximum to zero velocities. In the tilt control, as explained above, the tilt angle must always correspond to the horizontal acceleration. Therefore, if the levitator is moved with a typical S-curve profile, the tilt angle should change at a constant angular velocity, which corresponds to the constant horizontal jerk of the S-curve profile. This raises two possible problems. The first is the limitation of the angular velocity. If the jerk of the S-curve profile is too large, the resulting tilt angular velocity also becomes too large and can possibly break the hardware limitation. The second is related with the angular acceleration. To reach a constant angular velocity instantly (to follow the instant rise of the constant jerk), the system needs to generate infinite angular acceleration, which is not possible in a real system. These problems were not paid much attention in the previous studies, since their effects were negligible in the low acceleration region demonstrated in the previous studies. However, for high-speed and shortdistance transportations, which require high accelerations, these problems must be carefully discussed.
Typically, there are hardware limitations for the tilt angular velocity and angular acceleration. The hardware limitations can be categorized into two different types based on where the limitations come from. The first type limitation comes from the kinematic performance of the tilting mechanism for the levitator. Tilting of the levitator is typically realized by motors, which have limited torques and speeds. Those limitations, together with mechanical designs, determine the maximum angular acceleration and velocity. The other type of limitations comes from the magnetic levitation force. In the tilt control, both the levitator and the levitated object must tilt at the same angle. Since there is no mechanical contact to the levitated object, the tilt of the object is realized only by levitation force. If the levitator rotates with too high angular acceleration, the suspended object cannot follow the rotation and will collide to the levitator or drop from it. This limitation is discussed more in detail in the next subsection.
Limitation of tilt angular acceleration due to magnetic force limit
The torque that rotates the suspended object is generated by the sum of upward magnetic forces and downward gravity force, as shown in Fig. 3 . The magnetic force generated by each electromagnet has maximum and minimum limits due to current limitation to prevent overheating of the coils. It should be noted that the minimum magnetic force is always more than (or equal to) zero, since the electromagnets cannot generate repulsion force to a ferromagnetic object. With that in mind, the followings calculate the maximum angular acceleration that can be given to the suspended disk without current saturation of any electromagnets. The following discussions assume the layout of three electromagnets as depicted in Fig. 1 . The radius of the circle on which electromagnets are aligned is defined as R a . Throughout the analyses in this paper, it is assumed that the mass of the levitated disk concentrates at the three points beneath the electromagnets.
Magnetic attracting forces from the three electromagnets f 1 , f 2 , and f 3 produce translational force f z and rotational torques M x and M y on the object as
where M x and M y are rotational torques around x and y axes, which are defined in the coordinate {x, y, z} fixed to the levitator as shown in Figs. 1 and 3 . The maximum angular acceleration differs according to the direction of the tilt axis because of the triangular layout of the electromagnets. In the following, direction of the tilt axis is expressed using ϕ (0 ≤ ϕ ≤ 2π), which is the angle between x axis and the tilt axis as shown in Fig. 4 . When the levitator and the object tilt around tilt axis of ϕ with angular acceleration ofα, equation of motion for the object is written as
where I is rotational inertia of the object and mg ′ , which is referred to as apparent gravity force, is the sum of inertial force and gravity force:
Vol. 7, No. 4, 2013 Journal of System Design and Dynamics Fig. 4 Definintion of tilt axis. Orientation of tilt axis is expressed by ϕ, which is the angle between x axis and the tilt axis.
From Eqs. (3) and (4), the angular accelerationα can be expressed using any one of the three magnetic forces, f 1 , f 2 , and f 3 .
The maximum angular acceleration is reached when one of the three magnetic forces reaches its limit. Considering that the range of the each magnetic force is 0 ≤ f min ≤ f i ≤ f max , the maximum angular acceleration is obtained from the geometric relationship as
As indicated in Eq. (6), the functionsα i ( f i ) involve the apparent gravity mg ′ = mg/ cos α, and therefore the maximum angular accelerationα max depends on tilt angle α, as well as on tilt axis ϕ.
Algorithm of motion planning
In the previous studies on feedforward tilt control, a transportation trajectory was planned from a horizontal acceleration profile (12) . A horizontal acceleration profile was first defined, which is integrated to obtain horizontal velocity and displacement profiles. At the same time, the tilt angle profile is simply obtained from the horizontal acceleration profile using their relationship expressed in Eq. (1). In high-speed transportation, however, the same algorithm should not be used since angular acceleration and velocity are the limiting factors. The following proposes a new motion planning algorithm for high-speed transportation that considers the limiting factors. Considering the above discussions, the proposed algorithm first defines a tilt angular acceleration profile as shown in Fig. 5 . Within the maximum angular acceleration given in Eq. (7), the angular acceleration profile is defined by combining step functions, which is then integrated to obtain tilt angular velocity and tilt angle profiles. Then, horizontal acceleration profile is obtained from the tilt angle profile using Eq. (1), which is then integrated to obtain horizontal velocity and displacement profiles. The following algorithm determines the time length of each segment in the angular acceleration profile to satisfy the terminate condition, within the given hardware limitations. 
where j is the imaginary unit. Then, set the initial limitations for tilt angle (α 
where α max ,α max , v max , and a max represent the hardware limitations. These initial limitations will be modified during the following optimization process. The maximum angular acceleration is obtained from Eq. (7). Since Eq. (7) assumes positive angular acceelration, the tilting axis needs to be flipped temporarily to calculate maximum value for negative angular acceleration. Resultant tilting axes for calculating Eq. (7) are found at ϕ p = ψ + π/2 and ϕ n = ψ − π/2 for positive and negative angular accelerations, respectively.
Since the operation with the theoretical maximum angular acceleration given in Eq. (7) can quite easily fail even by a small disturbance, we have to consider safety margin in practice. For that purpose, we define safety factor s (0 ≤ s ≤ 1) and set the limit for angular accelerations as
for positive (α 
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Here, it should be noted thatα max changes with tilt angle α (which meansα max is not constant during transportation). The above proposed equation suggests to use the smallest value ofα max within the changeable range of α, for ease of calculation. Typically, the smallesẗ α max appears either at α = 0 or α = α max .
STEP 3: Calculation of constant anglur acceleration time
Calculate time lengths for the constant angular acceleration segments (tα 1 , tα 2 , tα 3 , tα 4 ) such that integral of the acceleration profile corresponds to the limit for tilt angular velocityα
STEP 4: Calculation of constant angular velocity time
Calculate time lengths for the constant velocity segments (tα 1 and tα 2 ) in a similar manner, such that the double integral of the acceleration profile corresponds to the limit of tilt angle, α ′ 1 and α ′ 2 . If the resulting time period is less than zero (tα 1 < 0 and/or tα 2 < 0), the corresponding limit for angular velocities (α 1 and/orα 2 ) is reduced and the optimization process goes back to STEP 3, or otherwise (tα 1 ≥ 0 and tα 2 ≥ 0), proceeds to STEP 5.
STEP 5: Calculation of horizontal acceleration trajectory
Obtain horizontal acceleration profile a lat (t) from α(t) as a lat (t) = g tanα(t).
(15)
STEP 6: Calculation of constant tilt angle time
Obtain horizontal velocity trajectorẏ l(t) to determine constant tilt angle time t α1 and t α2 , such that the resulting trajectory corresponds to the limit for horizontal velocityl ′ . If t α1 and t α2 are both positive, proceed to STEP 7; otherwise (t α1 < 0 and/or t α2 < 0), reduce α ′ 1 and/or α ′ 2 and go back to STEP 4.
STEP 7: Calculation of constant horizontal velocity time
Calculate constant velocity time t˙l such that the resulting displacement profile, l(t), satisfies the transportation distance L. If t˙l ≥ 0, proceed to SETP 8; otherwise (t˙l < 0), reducel ′ and go back to STEP 6.
STEP 8: Translating into the original coordinate
Translate l(t) and α(t) into the original fixed coordinate [p, q, r, α p , α q ] as follows:
Experimental setup
This section describes the experimental setup for tilt control transportation to verify the above motion planning algorithm. Figure 6 shows an overall appearance of the setup. A 3-DOF magnetic levitator is attached to the tip of an industrial robot (FANUC, M-1iA) as an endeffector. Magnetic levitation and robot motion are controlled independently, with a proprietary robot controller and an originally developed levitation controller, respectively. There is no interaction between the two controllers and therefore there is no need for any modification to the proprietary robot controller.
Robot overview
The robot has a 3-DOF parallel mechanism, on which a 3-DOF serial link wrist is connected. Robot motion is controlled by a proprietary controller (FANUC, R-30iA) with a control period of 8 ms, based on the predefined motion trajectory. The trajectory (in terms of both translation and rotation) can be defined for "tool center point" (TCP), which can be arbitrarily set by a user and is set to the COG of the levitated disk in this particular work. The trajectory for the robot is calculated based on the above algorithm using an external PC and is sent to the controller in advance. The industrial robot has limitations on tilt angular velocity and tilt angle that affect the tilt control, while other hardware limitations are large enough and do not affect the trajectory planning. The two limitations were experimentally identified by the authors for this particular setup and listed in Table 1 . The table also indicates other two limitations (a max and v max ) which are expediential values used for the motion planning and are not actual hardware limitations. Figure 7 depicts the geometry of the levitator. The levitator consists of three electromagnets and three gap sensors, which are arranged on the base plate. The three electromagnets are aligned such that x, y and z axes of the levitator coordinate correpond to p, q, and r axes of the robot coorditate respectively, when the levitator is not tilted. All the electromagnets and sensors are numbered from one to three for identification. Each electromagnet has an iron core, on which enamel wire was wound for 400 times. The core of the electromagnet consists of two L-shape steel material (SS400), between which a neodymium magnet (N=40, Br=1.3T) Fig. 7 The details of the magnetic levitator.
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Journal of System Design and Dynamics (-1 A) f min 0.04 N is sandwiched to provide bias magnetic flux. The eddy current gap sensors (KEYENCE, EX-502) have a measurement range of 2 mm from the tip of the sensor. A steel disk (diameter: 100 mm, thickness: 1mm, mass: 61 g) was used as the levitated object. Total mass of the levitator and the object is 200 g. A PID-based levitation controller was implemented on a digital signal processor (dSPACE, DS-1104) that runs at 5 kHz. The gains for the controller were decided experimentally considering the trade-off between stiffness and stability of levitation, and are summarized in Table 2 . Current amplifiers (Takasago, BPS120-5) convert the command signals from the levitation controller into operation currents that are fed to the electromagnets. The operation currents are limited within ±1 A to prevent overheating. Figure 8 shows the relationships between gap, current, and magnetic force of the electromagnets. The bias magnetic force provided by the permanent magnets balanced with the gravity force at 3 mm away from the tip of the electromagnets. This equilibrium point was chosen as the operating point of the levitation system.
Maximum tilt angular acceleration
The plot shown in Fig. 9 represents the theoretical maximum angular acceleration calculated using Eq. (7) for the experimental setup at α = 0. Six dashed lines represent the angular accelerations when f 1 , f 2 , and f 3 reach f max or f min respectively, and the bold line represents the theoretical maximum tilt angular acceleration that is obtained by combining the six dashed lines. It can be seen in the plot that the minimum attracting force is dominating the maximum tilt angular acceleration, for this particular setup. Figure 10 shows polar representation of the same maximum angular acceleration. The polar plot shows the maximum angular accelerations for two different cases, α = 0 and α = 45
• . From the ploar plot, it can be clearly seen how the maximum angular acceleration is related with the location of the electromagnets. ..
..
.. Fig. 9 Theoretical maximum angular acceleration calculated using Eq. (7). 
Experiment on horizontal transportation
Condition
The transportation path of this experiment was horizontal straight line ( =197 mm, ψ=1.15 rad) between [-40, -90, -400] and [40, 90, -400] in the {p,q,r} coordinate (robot coordinate). Transportations were conducted with five trajectories that differ in tilt angular acceleration. They were obtained by using different safety factors, s = 1.0, 0.9, 0.8, 0.7, and 0.6. Figure 11 shows the calculated trajectories. In these trajectories, tilt angle did not reach the hardware limitation, which means that limitations for tilt angular acceleration and angular velocity dominated the total operation time, for this particular example. Figure 12 shows the states of the levitation system during transportations for s = 1.0, s = 0.8, and s = 0.6. Four plots for each safety factor represent, from the top, outputs of the three gap sensors, operation currents, roll and pitch of the disk (relative to the levitator; calculated form the sensor outputs), and gap between the center of the disk and the levitator (calculated from the sensor outputs). Successful transportation was achieved for s ≤ 0.8, while collision or drop occurred for the cases with less safety margin, that is s ≥ 0.9.
Results
For comparison, numerical simulations were also performed for the same transporting conditions. The simulation assumes non-linear electromagnetic force and no delay in sensors and amplifiers. Also, it neglects horizontal slip of the disk against the levitator. The simulation results are shown in Fig. 13 and vibration of the robot. In addition, the lateral slip of the disk was not perfectly suppressed in the experiments, which could also deteriorate the transportation results.
In the experiments, the fastest transportation was achieved with s = 0.8, in which noncontact handling for 197 mm was performed in 0.44 s. Maximum horizontal acceleration was 7.9 m/s 2 with maximum tilt angle of 39
• . The obtained results are much faster than previously demonstrated tilt control for a steel disk and verified the motion trajectory planning algorithm for high-speed transportation. The results also show that the achievable acceleration is much lower than the simple estimation mentioned in §3, where only static equilibrium is considered, because of the hardware limitations on angular acceleration and velocity. Much closer results to the simple estimation would be obtained if the transportation distance is much longer, where rapid change of tilt angle is not required any more.
Transportation with vertical acceleration
General transportation task may require more complex transportation paths that include vertical motions. One may wonder that vertical acceleration will improve the transportation performance since it changes the apparent gravity that has a considerably effect on the tilt control performance. This section discusses the effect of vertical accelerations.
Effect of vertical acceleration on theoretical maximum angular acceleration
When vertical acceleration a r exists, the apparent gravity mg ′ is expressed as
In the simple horizontal transportation, f min determined the maximum angular acceleration α max , as plotted in Fig. 9 . This was because the apparent gravity mg ′ was much closer to f min than to f max ; due to the proximity, the operation margin is much smaller for decreasing the total levitation force. In other words, the levitator can increase the levitation force more easily than to decrease it. And because of that, the maximum angular acceleration was determined by f min . But now, as the effective gravity changes due to the vertical acceleration, this situation can also change. To investigate the relationship, the proportion between the apparent gravity and the mean value of f max and f min (multiplied by three, which is the number of electromagnets) is defined as ξ. Figure 14 shows polar plots of the maximum angular acceleration for different ξ. In case of ξ = 0, which is zero apparent gravity or free-fall, the levitator cannot produce additional torque to rotate the object since the the levitator cannot reduce the levitation force anymore. As ξ increases, operation margin for decreasing the levitation force increases, which results in larger triangles in the polar plots. However, the f min is still the limiting factor while trianglular shapes appear in the polar plots. Hexagon shapes appear around ξ = 1, which means that f max is limiting the acceleration at some angles. At ξ = 1, where mg ′ is just at the middle between f max and f min , the shape becomes a regular hexagon, which means that f max and f min are equally limiting the acceleration. For ξ larger than one, the opposite trend can be seen.
In the experimental setup of this work, the mass of the levitated disk produces gravity force of about ξ = 0.4. For this case, upward vertical acceleration (a r > 0) increase ξ to approach ξ = 1 and realizes larger maximum angular acceleration. Downward acceleration (a r < 0), on the other hand, decreases the maximum angular acceleration.
It should be noted that the discussion also applies to the horizontal transportation for different levitated mass. The discussion suggests that, in the horizontal transportation, heavier levitated mass will result in a hexagon shape in the polar plot of the maximum angular acceleration.
Experimental example
There are wide varieties of transportation paths when vertical motion is allowed. Therefore, the generalized theory or algorithm cannot easily be provided. Just as an example, this paper demonstrates transportation with a simple upward motion. The trajectory profile illustrated in Fig. 15(a) was used as the base transportation profile and the time duration of each segment was optimized in a similar manner as in §4, but with slight modifications for considering vertical motion. Using the calculated trajectories, experiments were conducted in a similar manner as the horizontal transportation. Figure 16 shows states of the levitation system during transportations with s = 0.8 and s = 0.7. Transportation was successful in the cases of s ≤ 0.7. Compared with the horizontal transportation with the same horizontal transportation distance, no significant change in transportation time was observed. In transportation with vertical accelerations, upward acceleration contributes for faster motion, but accompanying downward acceleration almost cancels it, at least in the transportation path described here. 
Conclusions
Non-contact levitation techniques for thin plates suffer from weak lateral restoring force, which limits the horizontal acceleration during transportation. Tilt control can considerably improve the horizontal acceleration by compensating the accelerating inertia with levitation force. Especially, feedforward tilt control combined with an industrial robot would be useful for practical applications, since it does not require any modification to the robot controller; the robot only needs to track the pre-calculated motion trajectory. This paper discussed and demonstrated high-speed and short-distance transportation using feedforward tilt control and an industrial robot. The paper pointed out that, in high-speed transportation tasks within a short-distance, dynamic performances of levitation system and robotic manipulator influence the tilt control performance. The paper analyzed the rotational moment that can be given to the levitated object and proposed a motion planning algorithm that considers the maximum rotational moment. Using the algorithm, high-speed transportation with maximum horizontal acceleration of 7.9 m/s 2 (maximum tilt angle of 39 • ) was demonstrated using a 3-DOF magnetic levitator and an industrial robot manipulator. Finally, the paper also analyzed the effect of vertical acceleration. The analysis showed that upward accelerations can ease the limitation for the angular acceleration. The proposed algorithm assumes a fixed levitated mass. If the system needs to handle various objects with a variety of mass, the equilibrium point and the transportation pass needs to be recalculated. Thus, the algorithm is particularly effective when the system is supposed to handle objects with the same mass. 
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